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The knowledge of the values of the Higgs couplings is essential 
to understand the deep structure of matter/Universe 

   mW, mZ  ↔ Higgs couplings

lifetime of stars
(why tSun~ tlife evolution?)

✓

nuclei stabilitysize of atoms

?
   me, mu, md  ↔ Higgs couplings

Why looking at light Yukawa’s?

Obvious that Higgs mechanism is at the origin of the light masses?
Well, it was also obvious in the 50’s that weak interactions are parity invariant… 
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Which Scale?
Within the SM, the quark Yukawa’s (quark-Higgs interactions) are uniquely fixed by masses
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|H|2 ̄iH j q = 1 + cq
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q = 100 ! ⇤ = 20GeV

q = 0.1 ! ⇤ = 800GeV
Minimal Flavour 

Violation

usually fine 
with respect to  

flavour data 
(Λ>O(few) TeV)

large deviations in light Yukawa likely excluded by flavour data → don’t waste time probing with Higgs

fine with flavour but signal very difficult to see in Higgs physics 
(except maybe for charm quark)

Challenge  
 build flavour models that avoid large FCNC and still generate large deviations in light Yukawa’s  

interesting model building: Spontaneous Flavour Violation or Aligned Flavour Violation
Egana-Ugrinovic, Homiller, Meade, ‘18 Bar-Shalom, Soni, ‘18Delaunay, Grojean, Perez ‘13

u = 1000 ! ⇤ = 3TeV

d = 100 ! ⇤ = 5TeV

s = 10 ! ⇤ = 4TeV

�c = 1 ! ⇤ = 3.5GeV

https://arxiv.org/abs/1804.02400
https://arxiv.org/abs/1811.00017
https://arxiv.org/abs/1303.5701
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Which Scale?
Within the SM, the quark Yukawa’s (quark-Higgs interactions) are uniquely fixed by masses

Higgs couplings proportional to 
the mass of particles

deviations = new physics

light new physics → resonant effects? 
heavy new physics → (SM)EFT analysis
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probing light Quark yukawas

6

Delaunay, Golling, Perez, YS, 1310.7029
Perez, YS, Stamou, Tobioka, 1505.06689, 1503.00290
Brivio, Goertz, Isidori, 1507.02916
ATLAS, 1407.0608
ATLAS, 1501.01325
ATL-PHYS-PUB-2015-001

Bodwin, Petriello, Stoynev, Velasco, 1306.5770
Kagan, Perez, Petriello, YS, Stoynev, Zupan, 1406.1722
Bodwin, Chung, Ee, Lee, Petriello 1407.6695
Perez, YS, Stamou, Tobioka 1503.00290
Koing, Neubert, 1505.03870
ATLAS, 1501.03276, 1607.03400
CMS, 1507.03031
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Higgs kinematics
Bishara, Haisch, Monni, Re 1606.09253
YS, Zhu, Zupan 1606.09621

Zhou, 1505.06369
Yu 1609.06592
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D6 operators

OH = 1
2 (∂µ|H

2|)2 OGG = g2s |H|2GA
µνGA,µν

OWW = g2|H|2Wa
µνWa,µν Oyu = yu|H|2q̄LH̃uR + ?.+. (u → t, c)

OBB = g′2|H|2BµνBµν Oyd = yd|H|2q̄LHdR + ?.+. (d → b)
OHW = ig(DµH)†σa(DνH)Wa

µν Oye = ye|H|2̄lLHeR + ?.+. (e → τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3!gεabcW

a ν
µ Wb

νρWc ρµ

OW = ig
2 (H

†σa
←→
DµH)DνWa

µν OB = ig′
2 (H†←→DµH)∂νBµν

OWB = gg′H†σaHWa
µνBµν OH$ = iH†←→DµH$̄Lγµ$L

OT = 1
2 (H

†←→DµH)2 O′
H$ = iH†σa

←→
DµH$̄Lσaγµ$L

O$$ = ($̄Lγ
µ$L)($̄Lγµ$L) OHe = iH†←→DµHēRγµeR

OHq = iH†←→DµHq̄LγµqL OHu = iH†←→DµHūRγµuR
O′
Hq = iH†σa

←→
DµHq̄LσaγµqL OHd = iH†←→DµHd̄RγµdR

! SILH’ basis (eliminate OWW, OWB, OH$ and O′
H$)

! Modified-SILH’ basis (eliminate OW, OB, OH$ and O′
H$)

! Warsaw basis (eliminate OW, OB, OHW and OHB)

Jiayin Gu Fudan University

Updates from the “Gobal SMEFT Fit Team”

O6 = �� |H|
6

• Flavour assumptions 
‣ flavour universality: 19  
‣ flavour diagonality: 31-33  

c, b, t, µ, τ Yukawa only 
U(2) symmetry  

among 2 first quark generations  

BRinv and BRuntagged 
to take into account 

light quark generations 

5

Yukawa's from Global Fits
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly

36/75

and lepton colliders are shown together, the caveat that a bound on |kV | 1 is required for HL-LHC, HE-LHC and LHeC still
applies. Parameters fixed to the Standard Model value are not displayed.

Intrinsic theoretical uncertainties for future lepton colliders are omitted in Tables 3, 4 and 5. Their effect is discussed in
detail in Section 3.5.

Table 4. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2 for the HL-LHC,
LHeC, and HE-LHC. A bound on |kV | 1 is applied since no direct access to the Higgs width is possible, thus the uncertainty
on kW and kZ is one-sided. For the remaining kappa parameters one standard deviation is provided in ±. The corresponding
95%CL upper limit on BRinv is also given. In this kappa-3 scenario BRunt is a floating parameter in the fit, to propagate the
effect of an assumed uncertain total width on the measurement of the other ki. Based on this constraint the reported values on
BRunt are inferred. Cases in which a particular parameter has been fixed to the SM value due to lack of sensitivity are shown
with a dash (�). An asterisk (*) indicates the cases in which there is no analysis input in the reference documentation, and
HL-LHC dominates the combination. In the case of kt sensitivity at the LHeC, note that the framework relies as input on µttH ,
and does not take into consideration µtH . The integrated luminosity and running conditions considered for each collider in this
comparison are described in Table 1. In the case of HL-LHC and HE-LHC, both the S2 and the S2’ uncertainty models [13] are
given for comparison.

kappa-3 scenario HL-LHC HL-LHC + LHeC HL-LHC + HE-LHC (S2) HL-LHC + HE-LHC (S2’)
1 � kW > (68%) 0.985 0.996 0.988 0.992
1 � kZ > (68%) 0.987 0.993 0.989 0.993

kg (%) ±2. ±1.6 ±1.6 ±1.
kg (%) ±1.6 ±1.4 ±1.2 ±0.82
kZg (%) ±10. ±10. ⇤ ±5.5 ±3.7
kc (%) � ±3.7 � �
kt (%) ±3.2 ±3.2 ⇤ ±2.6 ±1.6
kb (%) ±2.5 ±1.2 ±2. ±1.4
kµ (%) ±4.4 ±4.4 ⇤ ±2.2 ±1.5
kt (%) ±1.6 ±1.4 ±1.2 ±0.77

BRinv (<%, 95% CL) 1.9 1.1 1.8 ⇤ 1.5 ⇤
BRunt (<%, 95% CL) inferred using constraint |kV | 1

4. 1.3 3.3 2.4

10/75

5

Yukawa's from Global Fits
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Figure 1: The 1/�h · d�h/dyh (left) and 1/�h · d�h/dpT (right) normalized distributions at
p
s =

13 TeV collision energy for several values of up quark Yukawa couplings, ̄u = 0 (SM, blue), ̄u = 1

(orange), ̄u = 4 (green).

is under much better control than the absolute value of the cross section [52]. This is

illustrated in the top panels of Fig. 2, where we compare LO, NLO and NNLO theoretical

predictions for the normalized and unnormalized yh distributions at
p
s = 13 TeV collision

energy [53]. Similar cancellation of theoretical uncertainties is observed for normalized pT

distribution, illustrated in the bottom panels of Fig. 2, although the reduction of theoretical

uncertainties is not as dramatic as in the rapidity distribution. Normalized distribution also

help reduces many of the experimental uncertainties. For un-normalized distribution, the

total systematic uncertainties due to, e.g., luminosity and background estimates range from

4% to 12% [37]. However, most of the systematic uncertainties cancel in the normalized shape

distribution. The dominant experimental uncertainties for the shape of the distribution are

statistical ones, ranging from 23% to 75% [37], and can be improved with more data.

In this work we perform an initial study using the rapidity and pT distributions to con-

strain the light-quark Yukawa couplings. In the study we use Monte Carlo samples of events

on which we impose the experimental cuts in Section III. We generate the parton level,

pp ! h + n jets, including the SM gluon fusion (the background) and qq̄ and qg, q̄g fusion

(the signal) using MadGraph 5 [56] with LO CT14 parton distribution function (PDF) [57]

and Pythia 6.4 [58] for the showering, where q = u, d, s, c and n = 0, 1, 2. Events of di↵erent

multiplicities are matched using the MLM scheme [59]. Further re-weighting of the generated

tree-level event samples is necessary because of the large k-factor due to QCD corrections to

the Higgs production [60]. We re-weight the LO cross section of di↵erent jet multiplicities

5
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Figure 4: The 1/�h · d�h/dyh (left) and 1/�h · d�h/dpT (right) when switching on up (orange),

down (green) and strange (red) Yukawa coupling.

III. CURRENT CONSTRAINTS AND FUTURE PROSPECTS

In this section we perform a sensitivity study of the Higgs kinematical distributions as

probes of the 1st generation quark Yukawas. We use normalized di↵erential distributions,

which, as argued above, have small theoretical uncertainties. In addition, the dependence

on the Higgs decay properties, such as the branching ratios and total decay witdh, cancel

in the measurements of 1/�h · d�h/dpT and 1/�h · d�h/dyh. In other words, the normalized

distributions are sensitive only to the production mechanism.

The Higgs production can di↵er from the SM one either by having a modified ggh cou-

pling, or by modified light quark Yukawas. The modification of the Higgs coupling to gluons

can arise, for instance, from a modified top Yukawa coupling or be due to new particles

running in the loop. In the normalized distribution the presence of new physics in the gluon

fusion will a↵ect the total rate and can be searched for in normalized distribution such as

1/�h · d�h/dpT for very hard pT , larger than about 300 GeV [20–27]. In contrast, nonzero

light quark Yukawa couplings modify the Higgs kinematics in the softer part of the pT spec-

trum. In our analysis we assume for simplicity that the gluon fusion contribution to the

Higgs production is the SM one.

We use the normalized Higgs pT distribution measured by ATLAS in h ! �� and h ! ZZ

channels [37], to extract the bounds on the up and down Yukawa couplings. We reconstruct

the �2 function, including the covariance matrix, from the information given in [37]. The

theoretical errors on the normalized distributions are smaller than the experimental ones,

8

valance quarks carry larger fraction of the proton momentum → more forward yh spectrum 

gluons has stronger radiation than quarks → softer pT spectrum in presence of quark fusion 

Higgs Kinematics (valence quarks)

Higgs production. Higgs pT distributions have been considered before as a way to constrain

new particles running in the ggh loop [16–27]. 1 In the case of enhanced light quark Yukawa

couplings the h+ j diagrams are due to the qq̄, qg, and q̄g initial partonic states (the e↵ects

due to the inclusion of u, d, s quarks in the ggh loops are logarithmically enhanced, but

still small [34]). Since these give di↵erent d�h/dpT or d�h/dyh distributions than the gluon

fusion initiated Higgs production, the two production mechanisms can be experimentally

distinguished.

The first measurements of the d�/dpT or d�/dyh di↵erential distributions were already

performed by ATLAS [35–38] and CMS [39, 40] using the Run 1 dataset. We use these

to demonstrate our method and set indirect upper bounds on the up and down Yukawa

couplings. The present O(30 � 70)% error is expected to be improved in the 13TeV LHC.

As we show below at 13 TeV the LHC on can establish indirectly whether or not Higgs

couples hierarchically to down-type quarks. These can be compared with the prospects for

measuring light quark Yukawa couplings in exclusive production, h + J/ , h + �, h + ⇢,

h+ ! [41–43], which appear to be even more challenging experimentally and require larger

statistical samples [14]. Other non-accelerator based suggestions for potentially probing

light quark Yukawas can be found in Refs. [7, 44, 45].

The paper is organized as follows. In Section II we discuss the state of the art theoretical

predictions of the normalized pT and yh distributions, and the sensitivity to light quark

Yukawas. The present constraints and future projections are given in Section III, while

Conclusions are collected in Section IV.

II. LIGHT YUKAWA COUPLINGS FROM HIGGS DISTRIBUTIONS

In the rest of the paper we normalize the light quark Yukawa couplings to the SM b-quark

one, and introduce [42]

̄q =
yexp
q

ySM
b

, (3)

where the Yukawa couplings are evaluated at µ = mh. Establishing the hierarchy among

down-type quark Yukawas thus requires showing that ̄d/̄b < 1 and/or ̄s/̄b < 1. Note

1 A related question on how to characterize the properties of a heavy resonance using kinematical distribu-

tions of its decay products and distributions in the number of jets was recently discussed in [28–33].
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valance quarks carry larger fraction of the proton momentum → more forward yh spectrum 

gluons has stronger radiation than quarks → softer pT spectrum in presence of quark fusion 

Higgs Kinematics (valence quarks)

Higgs production. Higgs pT distributions have been considered before as a way to constrain

new particles running in the ggh loop [16–27]. 1 In the case of enhanced light quark Yukawa

couplings the h+ j diagrams are due to the qq̄, qg, and q̄g initial partonic states (the e↵ects

due to the inclusion of u, d, s quarks in the ggh loops are logarithmically enhanced, but

still small [34]). Since these give di↵erent d�h/dpT or d�h/dyh distributions than the gluon

fusion initiated Higgs production, the two production mechanisms can be experimentally

distinguished.

The first measurements of the d�/dpT or d�/dyh di↵erential distributions were already

performed by ATLAS [35–38] and CMS [39, 40] using the Run 1 dataset. We use these

to demonstrate our method and set indirect upper bounds on the up and down Yukawa

couplings. The present O(30 � 70)% error is expected to be improved in the 13TeV LHC.

As we show below at 13 TeV the LHC on can establish indirectly whether or not Higgs

couples hierarchically to down-type quarks. These can be compared with the prospects for

measuring light quark Yukawa couplings in exclusive production, h + J/ , h + �, h + ⇢,

h+ ! [41–43], which appear to be even more challenging experimentally and require larger

statistical samples [14]. Other non-accelerator based suggestions for potentially probing

light quark Yukawas can be found in Refs. [7, 44, 45].

The paper is organized as follows. In Section II we discuss the state of the art theoretical

predictions of the normalized pT and yh distributions, and the sensitivity to light quark

Yukawas. The present constraints and future projections are given in Section III, while

Conclusions are collected in Section IV.

II. LIGHT YUKAWA COUPLINGS FROM HIGGS DISTRIBUTIONS

In the rest of the paper we normalize the light quark Yukawa couplings to the SM b-quark

one, and introduce [42]

̄q =
yexp
q

ySM
b

, (3)

where the Yukawa couplings are evaluated at µ = mh. Establishing the hierarchy among

down-type quark Yukawas thus requires showing that ̄d/̄b < 1 and/or ̄s/̄b < 1. Note

1 A related question on how to characterize the properties of a heavy resonance using kinematical distribu-

tions of its decay products and distributions in the number of jets was recently discussed in [28–33].
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Figure 6: Left: The dark (light) gray region is the 1� (2�) naive projection from the pT distribution

for the LHC 13TeV assuming bin size of 10GeV and relative error of 5% per bin. The dashed

line is the current 2� bound from recast of the ATLAS 8TeV data. Right: The dark (light) gray

region is the 1 (2)� naive projection from the rapidity distribution for the LHC 13TeV assuming

bin size of 0.1 and relative error of 5% per bin.

experimental errors cancel, while they still retain sensitivity to potential qq̄ ! h fusion. This

would make the normalized pT distribution softer than the SM production through gluon

fusion, while the rapidity would become more forward. We presented a reintepretation of

the ATLAS measurements of the normalized pT and rapidity distributions and derived the

bounds on up and down quark Yukawa couplings. Owing to a downward fluctuation in the

first bin of the distribution one has yexp
d

< ySM
b

at more than 95 %CL. With 300 fb�1 at

13TeV LHC, one can furthermore establish non-universality of Higgs couplings to the down

quarks, yexp
d

< yexp
b

.

The study performed in this paper is based on LO event generator, which can be improved

by using more advanced theoretical tools. For example, it would be useful to compute the

rapidity and pT distribution for uū ! h and dd̄ ! h to higher orders in QCD [75]. Also, the

SM gg ! h inclusive cross section is now known to N3LO level [61, 62]. It would be very

interesting to push the calculation for rapidity distribution and pT distribution to N3LO

and N3LL, and including the full mass dependence for massive quark loop in the gg ! hj
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Figure 7: Left (Right): The dark (light) gray region is the 1� (2�) naive projection for probing the

strange Yukawa as function of the relative error per bin from the pT (y) distribution for the LHC

13TeV assuming bin size of 10GeV (0.01). The vertical lines denote expected statistical only

errors for integrated luminosities of 3 ab�1 and 300 fb�1.

process to NLO (for recent progress, see e.g., Ref. [34, 72, 73]).
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Higgs Kinematics (heavier quarks)
quark contribution to ggF production is chirality suppressed but charm is special bc of non-Sudakov double logs Contributions and their scaling

[Sullivan, Nadolsky: hep-ph/0111358]

Color coding courtesy 
of Uli Haisch
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Results for p
T,h

[FB, Haisch, Monni, Re: 1606.09253 (PRL)]
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Yukawa’s from Processes without Higgs
“Higgs without Higgs” philosophy
Another way of understanding E-growth:

Top Yukawa… without a Higgs

|H|2QH̃tR
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

t
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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⇠ E2

⇤2

signal
statistics

2

only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. A unitary-gauge diagram with energy-growing sen-

sitive to the Higgs trilinear. The two VBF jets and, in par-

ticular, same sign leptons, give rise to an exceptionally clean

channel.

gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �

mW ,mh,mt—the only other dimensionful parameter
is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
scale as

A
O
n

ASM
n

⇠
E2

⇤2
. (3)

Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)

Goldstones = WL,ZL

<latexit sha1_base64="aSdPit6xVXGHZHHd1ndC81yzM7E="></latexit>
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Riva @ Higgs 
2020

Henning, Lombardo, Riembau, Riva ‘18

Triboson
• Triboson final state for Yukawa couplings

• In unitary gauge:

• Modifying Yukawa couplings breaks cancellations

modified Yukawa spoils cancelation of

energy growing terms in amplitudes

→ large effects in the tails

https://indico.cern.ch/event/900384/contributions/3998906/attachments/2133231/3592647/H2020_Riva.pdf
https://arxiv.org/abs/1812.09299
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Yukawa’s from Processes without Higgs

WWW: same-sign di-lepton final state
• Process:                                              cross-section: 
• Improve HL-LHC sensitivity by more stringent cuts

2006.11191

(With pTll differential distribution shape)

Falkowski, Ganguly, Gras, No, Tobioka, Vignaroli, You ‘20

https://arxiv.org/abs/2011.09551
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Yukawa’s from Processes without Higgs

Falkowski, Ganguly, Gras, No, Tobioka, Vignaroli, You ‘20

WWW: tri-lepton final state
• Process

HL-LHC:

FCC-hh:

(Reducible background negligible)

https://arxiv.org/abs/2011.09551
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ZZZ: four-lepton final state
• Process cross-section: 

HL-LHC:

FCC-hh:

(Using ETmiss differential distribution shape)
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Yukawa’s from Processes without Higgs

Falkowski, Ganguly, Gras, No, Tobioka, Vignaroli, You ‘20

https://arxiv.org/abs/2011.09551
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Summary
• 2σ sensitivity estimates

• Dimension-6 operator scale

13

Yukawa’s from Processes without Higgs

HL-LHC sensitivity

(FCC-hh sensitivity)
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https://indico.cern.ch/event/1027184/contributions/4471207/attachments/2296948/3906550/2021_08%20-%20MBI%20(%20Milan)%20-%20Light%20quark%20yukawas.pdf
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Yukawa’s from Higgs2 production
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Alasfar, Corral Lopez, Gröber, ‘19
large Yukawa’s for light quarks → new (dominant) contribution to HH production

see also, Egana-Ugrinovic, Homiller, Meade, ‘21

HH more sensitive than H because of SM negative interference in HH

but h3 coupling is also largely unknown

SMEFT structure

(not present in HEFT)

https://arxiv.org/abs/1909.05279
https://arxiv.org/abs/2101.04119
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Yukawa’s from Higgs2 production
Alasfar, Gröber, Grojean, Paul, Qian, in progress
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Yukawa’s from Higgs2 production
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Alasfar, Gröber, Grojean, Paul, Qian, in progress
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Summary

Determination of light Yukawa’s is challenging.

Surprising that very different processes lead to bounds in the same ballpark at HL-LHC.
Still true at Future Colliders, in particular FCC-hh?

Simple flavour structures, like MFV, likely out of reach at HL-LHC.
Other flavour structures, like Spontaneous Flavour Violation or Aligned Flavour Violation 

from multi-Higgs models or special models with vector-like quarks, can be tested directly in 
Higgs physics.

Future direction: CPV Yukawa’s…


